Abstract. Previous work has shown that exogenous abscisic acid (ABA) applications can reduce transpiration, delay wilting, and thereby extend the shelf life of unwatered plants. Paradoxically, we have seen that drenches with concentrated ABA solutions may actually induce wilting. These wilting symptoms occur despite the presence of ample water in the substrate, suggesting that ABA may interfere with the ability of roots to take up water. Our objective was to develop a better understanding of this wilting effect using tomato (Solanum lycopersicum) as a model. In the first study, ABA drenches (125-2000 mgÁL -1 ) reduced transpiration and water use compared with the control plants, yet the relative water content (RWC) of the leaves of ABA-treated plants was lower than that of control plants at 24 h after the ABA drench. Control plants had a leaf RWC of 97%, whereas plants treated ABA had a RWC of 57% to 62%. ABA concentrations of 500 mgÁL -1 or higher caused the plants to wilt within 24 h despite the presence of ample water in the substrate. Leaf ABA concentrations 24 h after the ABA application ranged from 2.6 (control) to 62.6 nmolÁg -1 fresh weight (FW) in the 2000-mgÁL -1 ABA treatment, indicating effective transport of ABA from the roots to the leaves. The reduced leaf RWC suggests that ABA drenches are limiting water transport through the roots to the leaves. The effects of ABA on the hydraulic conductance of the roots and stems of tomatoes were quantified to determine if ABA drenches limit water transport through the roots. The cumulative volume of water conducted by the root systems during a 4-day period ranged from 36.7 mL in the control treatments to 8.1 mL in roots systems drenched with 1000 mgÁL -1 ABA, a reduction of 78%. When the conductance study was repeated using decapitated roots and excised stems, root water flux was again reduced by ABA, but water flux through internodal stem sections did not show an ABA effect. Results suggest that ABA-induced wilting is caused by a reduction in root conductance and we hypothesize that ABA affects aquaporins in the roots, limiting water uptake.
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A common problem in garden centers is that the plants awaiting sale may not receive enough water. Inadequate watering can cause wilting and diminishes a plant's salability and drastically shortens its shelf life (Armitage, 1983) . Researchers have been looking for ways to reduce transpiration and thereby potentially reduce maintenance costs while increasing the shelf life of plants. As a result of a breakthrough in microfermentation production, ABA has recently become a commercially feasible growth regulator (Runkle, 2009) . ABA has been found to be a part of a myriad of plant developmental and physiological processes, including acclimation to drought and other stresses. ABA is produced in response to drought, and its concentration in the leaves is negatively correlated with stomatal aperture (Mahdieh and Mostajeran, 2009; Walton, 1980) , thus limiting water lost as a result of transpiration (Franks and Farquhar, 2001; Jiang and Hartung, 2008) . Once a drought-stressed plant is watered, the leaf concentration of ABA rapidly decreases and stomatal conductance (g S ) returns to its pre-stress state (Franks and Farquhar, 2001) .
ABA may extend the shelf life of plants by slowing water consumption. Sprenches (spraying and allowing the excess spray to runoff into the substrate) with 250 mgÁL -1 ABA solution extended the shelf life of various bedding plant species by 1 (Verbena ·hybrida) to almost 6 d (Impatiens hawkeri) (Blanchard et al., 2007) . Drenches with ABA solutions also effectively reduced water use of salvia (Salvia splendens; Kim and van Iersel, 2011), hydrangea (Hydrangea macrophylla; van Iersel et al., 2009) , and tomato (Astacio and van Iersel, 2011) and extended the shelf life of the plants in a dose-dependent manner. The optimal application method may be speciesspecific, because Waterland et al. (2010a) reported that some species seem to respond more to sprays and other species are more affected by drenches. Undesirable side effects such as chlorosis and leaf abscission may occur when high concentrations of ABA are applied (Blanchard et al., 2007; Kim and van Iersel, 2011; Waterland et al., 2010b) . Another side effect is that ABA drenches may induce wilting, even if the plants are well watered (Barrett et al., 2009) . The cause of this ABAinduced wilting is not understood, but it does not appear to occur when ABA is applied as a spray (Barrett and Bartuska, 2011) . However, similar symptoms occur in tomato in response to flooding, which decreases both leaf and root hydraulic conductance with root water flux decreasing to 50% of the pre-stress level within 8 h (Bradford and Hsiao, 1982) . Bradford and Hsiao (1982) concluded that stomatal closure, along with petiole epinasty, is a flooding response used to maintain leaf water potential. They also concluded that ABA may be responsible for the observed stomatal closure, and Hiron and Wright (1973) reported that leaves of flooded tomato plants experienced a six-to eightfold increase in ABA content. Anaerobic root conditions appeared to induce this ABA accumulation in leaves, although the precise mechanism was not clear (Bradford and Hsiao, 1982) .
The conclusions of past studies on the relationship between root conductance and ABA are at times contradictory. Exogenous ABA injection applications (13-53 mgÁL -1 ) into a pressure chamber diminished conductance of decapitated soybean (Glycine max L.) root systems over the course of 3-4 h (Markhart et al., 1979) . However, other findings suggest that ABA increases root conductance. Ion and solution exudation rates of excised sunflower (Helianthus annuus L.) root systems increased when the roots were transferred to 1 mgÁL -1 ABA solution and the increased solute flux into the roots elevated the osmotic flow of water (Glinka, 1980) . Hose et al. (2000) examined excised root cells of maize (Zea mays L.) with pressure probes and concluded that 0.01-1 mgÁL -1 ABA transiently increased hydraulic conductance of root cells for a few hours by stimulating the opening of water channels (aquaporins) in the cell membranes. Conversely, 20 mgÁL -1 ABA impacted the root systems of common bean (Phaseolus vulgaris) seedlings in four ways; it increased volume flux, stimulated a pulsed release of solutes into the xylem, which led to a gradual increase in solute flux, but there was a decline in root conductance after several hours had passed (Fiscus, 1981) . This corroborates the findings of Markhart et al. (1979) , who determined that ABA limits root hydraulic conductance, thereby protecting the membranes from cold stress damage.
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water channels (Mahdieh and Mostajeran, 2009) . One common factor among the studies that concluded that ABA increases root conductance is that the increase was transient, lasting only a few hours after ABA treatment. It is possible that ABA temporarily increases water uptake through its impact on aquaporins and then limits it by causing morphological changes to the roots (i.e., suberization) as a means of protecting the plant from drought stress. Zhang et al. (1995) found that maize seedlings (Zea mays) long exposed to drought conditions can return to pre-drought hydraulic conditions within a few days after rewatering. A flush of new root growth aided in the observed increase in conductance. A short-term increase in root conductance was also noted in both briefly and mildly droughted maize seedlings (Zhang et al., 1995) , which may be the result of ABA temporarily increasing conductance before limiting it. Presently, the effects of ABA on the roots are unresolved and future studies will need to fully elucidate the impact that ABA has on water transport channels in the cell membranes and overall root conductance both in the short-and long-term.
The objectives of our studies were to examine the effects of ABA drenches on the leaf physiology of tomato and to determine the effects of ABA on root and stem conductance to better understand the previously observed ABA-induced wilting. We also wanted to quantify the effect of ABA drenches on leaf ABA concentrations, because none of the recent studies looking at ABA and shelf life extension quantified how much ABA actually reaches the leaves. Tomatoes were used as the model crop because they are sensitive to ABA applications (Sharma et al., 2006) and wilt rapidly when exposed to high ABA concentrations, although ample water is present in the substrate.
Materials and Methods
Leaf physiological responses. 'Supersweet 100' tomatoes were seeded in 72-cell trays in a glass greenhouse and were grown on an ebb and flow bench providing a 100 mgÁL -1 nitrogen solution of a complete fertilizer (15-5-15 Cal-Mag; Scotts, Marysville, OH; 15N-2.2P-12.45K) for 14 d after germination. Seedlings were transplanted on 28 Feb. 2011 into 15-cm diameter round pots filled with soilless substrate (Fafard 1P; Conrad Fafard Inc., Agawam, MA) and then grown under an overhead irrigation system. The plants each received 11.7 g of controlled-release fertilizer (14-14-14 Osmocote; Scotts; 14N-6.2P-11.6K). The tomatoes were transferred to a growth chamber (E-15; Conviron, Winnipeg, Manitoba, Canada) on 10 Mar. 2011 and given 3 d to acclimate to the conditions, during which time they were hand-watered. The growth chamber was set to 12 h days at 25°C with a photosynthetic photon flux of 405 mmolÁm -2 Ás -1 (daily light integral = 17.5 molÁm -2 -1 ) and 12 h nights at 21°C. At the start of the experiment, the pots were placed inside plastic bags sealed around the stems of the plants to prevent evaporation from the substrate. The weights of the plants were measured every 10 min with load cells (LSP-1 and LSP-2; Transducer Techniques, Temecula, CA) connected to a data logger (CR10; Campbell Scientific, Logan, UT) to determine cumulative transpiration as determined from the weight loss from the pot and plant.
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An ABA stock solution (10% w/v s-ABA, the biologically active form of ABA, VBC-30101; Valent BioSciences, Long Grove, IL) was diluted with deionized water to yield concentrations of 0, 125, 250, 500, 1000, and 2000 mgÁL -1 ABA. This range of concentrations was chosen based on our prior knowledge that high ABA concentrations induced wilting in tomatoes. Drench applications of 150 mL of ABA solutions were made on 13 Mar. 2011 and symptoms of ABA-induced wilting were noted within 24 h of application. At this time, measurements of leaf net photosynthesis (P n ), transpiration (E), and g S were taken with a portable gas exchange system (CIRAS-2; PP Systems, Amesbury, MA) on the uppermost fully expanded leaf of each plant. Substrate water content (SWC) was measured using a soil moisture sensor (Theta Probe ML2x; Delta-T Devices, Burwell, Cambridge, U.K.). Leaf relative water content data were taken by sampling 12 leaf discs from the uppermost, fully expanded leaves of each of the treatment groups (three discs · four replications per ABA treatment rate). Leaf discs were weighed initially to determine FW. They were then placed in a petri dish with deionized water overnight to establish a turgid weight (TW) after which the discs were dried at 75°C for 1 d to determine dry weight (DW). Relative water content was calculated as RWC = [(FW -DW)/(TW -DW)] · 100%.
Fresh leaf samples were collected from each plant at 24 h after the ABA application and immediately frozen in liquid nitrogen to be used for ABA quantification using an enzymelinked immunosorbent assay (ELISA) kit (PDK 09347; Agdia, Elkhart, IN). Leaf samples were kept at -80°C until the assay was completed. The ELISA assay was done according to the protocol from Serrano et al. (1995) with minor adjustments. The samples were ground into a powder under liquid nitrogen and 0.75 g of ground leaf tissue was mixed with 15 mL of extraction buffer (80% methanol). Samples were then incubated for 16 h on a shaker at 4°C, centrifuged, and supernatant was collected and stored at -20°C to be used in the assay. Because of the high ABA concentrations, the samples were further diluted with tris(hydroxymethyl)aminomethanebuffered saline solution to 1:100, 1:1,000, and 1:10,000 ratios. Controls were diluted to a ratio of 1:100. ABA concentrations were then quantified using ELISA following the manufacturer's instructions. Leaf ABA concentrations were expressed on a FW basis.
The experimental design was a randomized complete block with four replications and six concentrations of ABA. The experimental unit was an individual plant. The load cell data were analyzed using regression (SAS 9.2; SAS Institute, Cary, NC). Because hormonal effects on plant physiology are generally not directly proportional to the hormonal concentration, ABA concentrations were transformed using log([ABA]+50) before testing for linear and quadratic effects of ABA concentration, and significance was analyzed separately for 10-min intervals of data. Data for E, g s , P n , SWC, and RWC were analyzed using analysis of variance followed by mean separation using Fisher's protected least significant difference. Leaf ABA concentrations were log 10 transformed to meet the assumption of equal variance before fitting a hyperbolic equation.
Root and stem hydraulic conductance. Two studies examined the impact of ABA drenches on conductance. For the first study, 'Supersweet 100' tomatoes were seeded in 72-cell trays on 27 Jan. 2010 and grown in a glass greenhouse. After germination, plants were transplanted into 10-cm diameter round pots filled with soilless substrate (Fafard 2P; Conrad Fafard Inc.). At the time of transplanting, each plant received 3.1 g controlled-release fertilizer (14-14-14 Osmocote; Scotts; 14N-6.2P-11.6K) and the plants were watered daily. The ABA stock solution (10% w/v s-ABA, VBC-30101; Valent BioSciences) was diluted with deionized water to yield concentrations of 0, 62.5, 125, 250, 500, and 1000 mgÁL -1 . At the start of the experiment (17 Feb. 2010; 21 d after seeding), plants were placed inside a laboratory at a temperature of %20°C. The shoots were cut off below the first node, and the remaining portions of the shoots were then inserted into plastic tubing (Bev-a-Line IV; ThermoPlastic Processes, Georgetown, DE; internal diameter 6.3 mm). The stems were sealed to the inside of the tubes with a silicone gel (3140 RTV coating; Dow Corning, Midland, MI) and the stem/tube connection was sealed with parafilm to prevent leaks. All tubes were connected to a manifold, which was connected to a vacuum pump (MOA-P122-AA; Gast Mfg. Corp., Benton Harbor, MI) to simulate transpirational pull with an approximate suction of 14 kPa. Water levels in the tubes were marked daily for the duration of the study, and these readings and the tubing diameter were used to calculate the cumulative water flow through the root systems. These data were then used to calculate the rate of flow. Once the vacuum pump was turned on, initial readings of water flux were taken for 3 h before ABA application to determine an untreated conductance baseline. The ABA solutions were applied as 50-mL drenches.
The experiment was designed as a randomized complete block with four replications and six ABA concentrations. The experimental unit was an individual plant. The study was ended 9 d after ABA application, at which time root conductance in all treatments was minimal. ABA concentrations were transformed using log([ABA]+50) before testing for linear and quadratic effects of ABA on root hydraulic conductance. The data were analyzed using linear and quadratic regression in the SAS program (SAS 9.2; SAS Institute).
For the second study, 'Supersweet 100' tomatoes were seeded in 72-cell trays on 8 June 2010 and grown in a glass greenhouse. After germination, plants were transplanted into 10-cm diameter round pots filled with soilless substrate (Fafard 2P; Conrad Fafard Inc.) and grown under an overhead irrigation system for 21 d. The plants each received 2.6 g controlled-release fertilizer (14-14-14 Osmocote; Scotts; 14N-6.2P-11.6K). At the start of the experiment (6 July 2010), the pots were well-watered. Shoots were cut off %5-6 cm above the substrate surface, and 4-cm long, internodal stem sections with a diameter of %0.75 cm were cut from the shoots. The stem sections and root systems were then sealed into plastic tube manifold as described previously and the tubes were connected to a vacuum pump. The bases of the stem sections were placed in beakers with 100 mL deionized water.
Once the pump was turned on (providing a suction of 14 kPa), initial readings of water movement through the root systems and stem sections were taken for 3 h before ABA application to determine an untreated conductance baseline. ABA solutions were prepared as described previously. All treatment applications to the root systems were made as a 100-mL drench of either ABA solution or deionized water (control). For the stem sections, the deionized water in the beakers was replaced with either 100 mL of ABA solution or fresh deionized water (control). The water levels in the tubes were marked at various times and were used to determine the cumulative water flow through the roots or stems by measuring distance the water had traveled inside the tube and multiplying by the volume of the tube (1 cm = 0.69 mL). At the end of the study, the root systems were washed off and visually examined for any detrimental side effects caused by ABA.
The experimental design was a randomized complete block with a split plot with two replications. The main treatment factor was the ABA concentration (six rates) and the split consisted of root systems vs. stem sections. Individual root systems or stem sections were the experimental unit. The study was conducted twice, and both trials returned similar results. Data were analyzed using regression analysis (SAS 9.2; SAS Institute).
Results and Discussion
Leaf physiological responses. One day after treatment with the highest doses of ABA (500-2000 mgÁL -1 ), the plants wilted, whereas control plants and plants treated with lower concentrations of ABA (125-250 mgÁL -1 ) appeared turgid. At 60 min, cumulative transpiration was highest in the lowest ABA concentration (control treatment, P < 0.01; Fig. 1 ), and this continued for the remainder of the study. These findings are consistent with our previous work, which showed that ABA drenches result in rapid reductions in cumulative evapotranspiration of tomato (Astacio and van Iersel, 2011) . Boldt (2008) found that chrysanthemum (Chrysanthemum ·morifolium) roots can take up enough ABA within a 7.5-min period to induce stomatal closure. At 28 h post-ABA application, the control plants maintained the highest transpiration rate, culminating in %317 mL cumulative transpiration since treatments were applied. By this time, the plants treated with 125 mgÁL -1 ABA had transpired %95.1 mL, a reduction of 70%, and those treated with 2000 mgÁL -1 ABA treatment had transpired 40 mL, a reduction of 87% compared with the control plants (Fig. 1) .
Leaf gas exchange measurements were consistent with the whole plant transpiration results. At the end of the experiment, control plants had a g s of 127 mmolÁm -2
Ás
-1 compared with 18 mmolÁm -2
-1 for the 2000-mgÁL -1
ABA treatments (86% reduction), and ABA treatment effects on E were similar (Table 1) . Thus, ABA effectively limited transpirational water loss. We have previously shown that ABA drenches cause stomatal closure and reduced E within 1 h of application (Astacio and van Iersel, 2011) . As a result of the reduced E, the substrate water content after 24 h tended to increase with increasing ABA concentration, but this was not significant (Table 1) . These substrate water content data show that the ABA-induced wilt is not related to a lack of water in the substrate because the substrate water contents were all similar, but only plants treated with 500-2000 mgÁL -1
ABA wilted. The substrate water content data also show that the plants were not exposed to extreme flooding conditions and that the observed reductions in transpiration were not related to a flooding response. All ABA concentrations also reduced P n . Control plants had a P n of 4.26 mmolÁm -2
Ás -1 compared with -2.13 mmolÁm -2
-1 for the 2000-mgÁL -1 ABA treatment (Table 1) . Relative water content of the leaves was also reduced by ABA applications; control leaves had a RWC of 97%, whereas ABA-treated plants had a RWC of 57% to 62% (Table 1) .
ABA concentrations in the leaves increased as the ABA dose increased (Fig. 2) . Control plants had an ABA concentration of 2.57 nmolÁg -1 FW, which was slightly higher than previously reported endogenous ABA levels for unstressed tomatoes (0.49 to 2.4 nmolÁg -1 FW; Neill and Horgan, 1985; Sharp et al., 2000; Thompson et al., 2007) . The ABA concentrations in ABA-treated plants ranged from 12.5 (125 mgÁL -1 ABA) to 62.6 nmolÁg -1 FW (2000 mgÁL -1 ABA), 24· higher than that in the control plants (Fig. 2) . The higher concentration ABA treatments resulted in leaf ABA concentrations that are higher than most previously reported, stress-induced endogenous ABA levels. Thompson et al. (2007) reported a 2· increase in ABA concentration to 3.6 nmolÁg -1 FW, whereas Neill and Horgan (1985) reported an ABA concentration of Fig. 1 . Cumulative transpiration of tomato plants over a 28-h period after treatment with abscisic acid (ABA) drenches. Significant effects of ABA on cumulative transpiration were noted starting 60 min after the ABA application and lasted the duration of the study (P < 0.01). Linear effects of log([ABA]+50) on transpiration were observed after 60 min and quadratic effects from 70 min and beyond (P < 0.05). Measurements were taken %24 h after ABA application. Leaf gas exchange: n = 4, relative water content (n = 2). y Means followed by the same letter are not significantly different from each other. -1 FW, or 10· increase, in droughtstressed tomato. Water-stressed tomatoes have shown increases from two to 22· the unstressed ABA levels, although typically reported increases fall within the 10-15· range (Bray, 1988; Neill and Horgan, 1985; Thompson et al., 2007) . A 10-15· increase would be roughly comparable to the concentrations seen in our 250 and 500-mgÁL -1 ABA treatments (Fig. 2) . Reported increases of endogenous ABA in tomatoes resulting from other stresses vary, ranging from 1.5 to 3· in response to cold stress (Daie and Campbell, 1981) and salt stress eliciting a 2· increase in ABA concentrations (Chen and Plant, 1999) .
We found that application of ABA quickly and effectively closed stomata and limited transpirational water loss. Despite the plants all having similar substrate water contents and ABA-treated plants exhibiting decreases in transpiration, the RWC of leaves from ABAtreated plants was lower than in control plants. In combination with reduced transpiration, the low RWC in the leaves suggests an impairment of water transport through the roots to the leaves, which could have caused the ABAinduced wilt.
Root and stem hydraulic conductance. Pre-treatment measurements of water flow through the root systems showed no differences among the plants in the first study (Fig. 3) . ABA drenches quickly reduced water flow through the root systems. Roughly 2-3 h post-ABA application, a dosage-dependent decrease in flow rate through the roots in response to the ABA treatments was evident (P < 0.05; Fig. 3, bottom) . This translated into a decrease in cumulative root flow for ABAtreated plants within 1 d after ABA application (P < 0.001; Fig. 3, top) . These differences persisted for both flow rate and cumulative flow for the remainder of the study. Root flow rates decreased in all treatments during the first 3 d, and this was most pronounced in ABA-treated plants (Fig. 3) . By the termination of the experiment, control plants had a flow rate of 1.7 mL/min, whereas plants treated with 1000 mgÁL -1 had a flow rate of 0.25 mL/min, a reduction of 85% (Fig. 3) . No sloughing or necrosis of ABA-treated roots was visible at the termination of the study.
The results are consistent with our hypothesis that reductions in the hydraulic conductance of the roots in response to ABA may cause the ABA-induced wilting. Our results corroborate earlier findings that root hydraulic conductance is reduced by ABA treatment (Davies et al., 1982; Fiscus, 1981; Markhart et al., 1979) . Other studies, however, have reported that ABA treatments increase root hydraulic conductance. Glinka (1977) found that treating decapitated root systems of sunflower with 1 mgÁL -1 ABA resulted in a higher exudation rate and proposed that ABA is affecting the water permeability of the root endodermal layer. Glinka (1980) conducted further work with ABA on sunflower root systems and reported that treating the roots with 1 mgÁL -1 ABA solution increased flux of K + and NO 3 -ions into the xylem as well as increasing the hydraulic conductance of the roots. Cornish and Zeevaart (1985) conducted studies exposing tomato roots to drought stress and found that endogenous ABA accumulated in the roots, and it was concluded that the plant may accumulate ABA to modify its water use before the leaves experienced wilting. Secondary hardening of roots in response to drought stress was noted by Cornish and Zeevaart (1985) but was not substantial, although their work measured endogenous ABA and did not use concentrated exogenous ABA applications like we did. During cold acclimation, changing levels of ABA also seem to affect root conductance. When soybean roots were treated with 13 mgÁL -1 ABA and subsequently exposed to 10°C, root hydraulic conductance was higher in ABA-treated plants than control plants and ABA helped to mitigate cold stress damage (Markhart, 1984) . This increase in root hydraulic conductance in response to ABA treatment and cold stress was rapid (within 4 h) and similar to the transient increases seen in conductance of wheat roots when chilled and treated with ABA (Davies et al., 1982) . ABA can affect symplastic water transport pathways such as aquaporins, thereby regulating transpiration (Hose et al., 2000; Mahdieh and Mostajeran, 2009 ). ABA has a role in aquaporin regulation in intact tobacco plants and increases root hydraulic conductance by stimulating the expression of genes that control the development of PIP-type aquaporins, suggesting that ABA regulates the production of these water channels (Mahdieh and Mostajeran, 2009) . Endogenous ABA may interact with these channels during periods of drought stress, and root water flux may be coordinated with g S through aquaporin activity (Tyerman et al., 2002) . Wan et al. (2004) concluded that ABA can potentially increase transcellular water flow by gating aquaporin channels and preventing them from collapsing. This agrees with the suggestion that ABA may be responsible for the transient increases in water flux through maize root cells by regulating aquaporins (Hose et al., 2000) . Recent studies have confirmed that regulation of aquaporin abundance and aquaporin-related genes is indeed associated with changes in root hydraulic conductance in hybrid poplar (Populus trichocarpa ·deltoides) (AlmeidaRodriguez et al., 2011) and Melaleuca argentea (McLean et al., 2011) . It has been suggested that aquaporin abundance in the roots may be regulated by the transpirational demand of the shoots (Sakurai-Ishikawa et al., 2011) . This would explain why ABA drenches, which reduce g s , and thus transpirational demand, may reduce hydraulic conductance of the roots. Aquaporin involvement may also explain how ABA, by altering membrane permeability, increases water flux during periods of cold stress (Markhart, 1984) , a finding reported well before the first detailed description of aquaporins (Agre et al., 1993) . This area of study requires further research to fully understand the signaling pathway between ABA and aquaporin channels and to determine how much of an effect aquaporins can have on overall root water flux.
An important point to consider in interpreting our results is that past studies either worked with endogenous ABA or applied ABA at much lower concentrations than the rates used in our studies. Applying large amounts of ABA to roots may elicit different responses than the results seen after a gradual build-up of endogenous ABA in response to drought or cold.
Root conductance data from our second study were similar to the first study with significant reductions in root conductance within 12 h after ABA application (results not shown). At the termination of the experiment, the cumulative flow through roots of the control plants was 27.4 mL, whereas the cumulative flow of plants treated with 1000 mgÁL -1 ABA was only 4.8 mL, a reduction of 83%. There were no visible symptoms of ABA-induced side effects on the appearance of the roots.
Unlike the root systems, water flow through the stem sections was unaffected by the ABA treatments. Cumulative water flow through the stem sections was between 29.6 and 36.5 mL with no trend of an ABA-related effect (results not shown). However, the flow rate through the stems decreased rapidly after the first day. This suggests that the deionized water used in the treatments may have had detrimental effects on the functionality of the stem xylem, which may have masked any potential effects of ABA. Thus, future research looking at conductance of stem sections may need to be done using a solution that mimics xylem sap rather than deionized water.
Our findings may also be relevant to the long-distance, root to shoot signaling under drought as described by Christmann et al. (2007) . This hydraulic, long-distance signal can induce ABA production in the leaves and thus cause stomatal closure. The hydraulic signal could simply be the result of soil drying, which reduces root water uptake and xylem pressure, thus attenuating a hydraulic signal to the leaves. However, our results suggest that ABA in the roots could play a role in this hydraulic signaling: if drought-induced ABA production reduces root conductance, this would result in a larger drop in xylem flux and pressure than soil drying alone. Therefore, the decrease in root conductance in response to ABA may serve a physiological role in strengthening this hydraulic signal to the shoots and thus aid in stomatal closure as drought stress develops.
Conclusions
Exogenous ABA drenches quickly reduced transpiration of tomatoes. However, despite reduced transpiration, the leaves of ABA-treated plants (500-2000 mgÁL -1 ) wilted. There was a corresponding reduction in RWC in response to the ABA treatments. We also demonstrated that ABA levels in the leaves rise dramatically after drenches with ABA. These results suggest that the ABAinduced wilt may be an effect of unnaturally high ABA concentrations applied as drenches to the roots. Root systems quickly showed an ABA-induced reduction in water flux. This suggests that ABA causes reductions in root conductance, which hinders water transport to the shoots and leads to the observed drops in leaf relative water content and the ABAinduced leaf wilt.
